Abstract-An optoelectronic system for detection and monitoring of methane has been developed and implemented. The signal processing technique used in the proposed system is based on Wavelength Modulation Spectroscopy (WMS). When associated with the revolutionary microstructured fibres, this scheme revealed an effective way to measure gas concentration. Aiming the optimization of the sensing head design, the methane diffusion time inside a hollow-core fibre was evaluated. An error of 2.8% between experimental and theoretical values was obtained, thus validating the adopted model. These results were very encouraging towards the implementation of a practical unit for remote gas monitoring applications.
INTRODUCTION
Methane is an extremely explosive gas and one of the main constituents of natural gas, so its detection is a subject of major importance. There are several sources of emission of this gas, which can be either natural or directly related to human activity. Wavelength Modulation Spectroscopy (WMS) is a very powerful and sensitive technique [1] , largely used for gas detection, given that detection is shifted to frequencies far from the base-band noise, greatly improving the signal-to-noise ratio. This technique was therefore selected for the implementation of an optoelectronic setup (fully controlled through a LabVIEW ® application) for the detection and monitoring of methane. Hollow-core photonic crystal fibres (HC-PCF), exhibiting air holes within their core and cladding [2] [3] , open new opportunities by easing the interaction between light and gas molecules. One possible approach, for building a sensing head, consists on the creation of multiple coupling gaps between few pieces of HC-PCF to enable the gas diffusion inside the core. [4] The study of the diffusion time of methane inside the HC-PCF is therefore of major importance. [5] II. WAVELENGTH MODULATION SPECTROSCOPY WMS is a very powerful technique that can achieve a high signal-to-noise ratio with a relatively simple setup. In this technique the wavelength of a continuous laser is modulated at a certain frequency (dithering). As the emission source wavelength slowly scans through the gas absorption line, the wavelength modulation becomes an amplitude modulation, presenting its highest amplitude as it passes in the highest slope points of the absorption peak. This method shifts the detection bandwidth to higher frequencies where laser intensity noise is reduced towards the shot noise limit and consequently the signal-to-noise ratio is highly increased. This concept is similar to that of data encoding in the side bands of a radio transmission carrier wave. Fig. 1 shows the spectral output of a radio frequency modulated laser, where can be seen the carrier frequency ω c and the side band frequencies ω c ±Ω. So, when the laser slowly scans through the absorption line, the amount of light absorbed, which by the Lambert-Beer Law is proportional to the gas concentration, is "written" into the side bands. Schematically, this is represented in Fig. 1 c) as a decrease in the amplitude of the side bands. The absorption information can be retrieved by means of synchronous detection using a lock-in amplifier, where a voltage output proportional to gas concentration can be generated. From the analysis of Fig. 2 it can be seen that the first harmonic signal (in red) is proportional to the first derivative of the gas absorption line (black) and equals zero when the source wavelength is centred in the absorption peak. On the other hand, the second harmonic signal (in blue) gives the second derivative of the gas absorption line, with a maximum at this point. By disabling the slow modulation and stabilizing the source emission wavelength at the absorption peak, a transmitted signal, with amplitude dependent of the gas concentration, is therefore generated at a frequency twice the dithering one. 
III. HOLLOW-CORE PHOTONIC CRYSTAL FIBRES
Hollow-core microstructured fibres are revolutionary in a way that light is guided not by total internal reflection but by a photonic bandgap in the cladding that acts like an insulator for light. The HC-PCF cladding is made with hundreds of periodically spaced air holes in a silica matrix, typically arranged in a honey combed-like pattern. In Fig. 3 , it can be seen a microscope photography of the hollow-core fibre used during our experiments. These fibres exhibit an enormous potential concerning gas sensing since large interaction segments could be created where light and gas share a common path, therefore, enabling the development of HC-PCF gas sensing heads. Multi-coupling gaps are considered as one of the most promising methods for the implementation of these sensing heads. [5] The idea is that the sensing head combines several HC-PCF pieces through butt-couplings. The length of each segment can be tuned to control the diffusion speed of the gas inside the sensor and hence the response time of the sensor. The number of segments in turn determines the total fibre length and therefore dictates the sensitivity of the sensor. Standard zirconia ferrules and mating sleeves, as shown in Fig. 4 , were found to be perfectly suitable for the job since they are relatively cheap and their technology is well established. The HC-PCF inside the ferrules was aligned using nanometre resolution positioning stages. 
IV. GAS DIFFUSION TIME
In order to develop a HC-PCF-based gas sensor, allowing direct light-gas interaction within its structure, it is important to study the diffusion of gas inside of the fibres. For this purpose, we assume a HC-PCF fibre with both open butt-ends immersed in a methane atmosphere. Methane gradually penetrates the fibre by diffusion. We characterize this diffusion by the relative concentration of gas inside the fibre, averaged over the fibre length found by integrating the local concentrations that are obtained by solving the diffusion equation with corresponding boundary conditions. For the average relative concentration as a function of time (t), fibre length (l) and diffusion coefficient (D) we use the following expression, represented in a form of an infinite sum [5] , Afterwards, some experimental results were obtained so that the adopted model could be validated. For that purpose, the following setup was implemented: So, the main idea was to connect an HC-PCF sensing head with SMF, effectively transmit light through the segment and, then, inject gas into the chamber and register the decay of transmitted light with time, caused by the absorbance of the gas inside of the HC-PCF. The source was emitting at a gas absorption line central wavelength. [7] The obtained results are presented in Figure 7 . From the analysis of the previous data, we can state that the relative error between the theoretical and the experimental results (248 s) is ~2.8%, thus, validating the adopted model.
V. PORTABLE MONITORING UNIT
An optoelectronic measurement unit was developed to measure gas concentration, in the atmosphere, with HC-PCF based sensors. The measurement unit contains a DFB source to illuminate the sensors through an optical circulator that also allows the recovery of light reflected from sensors. To measure the signals from the sensors the WMS technique was implemented. This principle was combined with a spatial multiplexing technique to enable multiple sensors to be addressed. The signals from each sensor are then digitized through a standard DAQ card. The measurement unit was designed to operate as a touch screen portable data logger enabling not only data acquisition but also data storage and handling through specifically developed software. This measurement unit offers a versatile platform with a high degree of customization both in terms of hardware (i.e., multiplexing capability up to 4 channels) and software (i.e., built-in over LabVIEW ® ). The complete developed system is shown on Fig. 8 , evidencing the autonomous battery operation and portability of the optoelectronic measurement unit and the respective fibre optic connection to the probe. The implemented optoelectronic detection scheme assumes the form presented in Fig. 9 , and it incorporates a reference gas cell and a feedback control loop to stabilize the emission to the centre of the desired absorption line. The output of the lock-in amplifier, related to the signal coming from the sensing heads, is normalized by its DC level so that the resulting signal is independent of power fluctuations and proportional only to gas concentration. [8] A gas chamber was also developed in order to enable the variation of gas concentrations and to test the implemented setup. The chamber is hermetically sealed and has one gas input and output, as well as a pressure manometre and an optical feedthrough to allow the entrance of the fibres. Figure 10 . Photos of the gas chamber.
The detection limit for the gas concentration of the sensing head, can be estimated from the signal to noise ratio (SNR) of the interrogation signal. The second harmonic peak showed a SNR of 50 dB for a methane concentration of 5 % (50 000 ppm). In terms of a voltage signal, the SNR can be written as: 
which, in the case of a segment sensor of 13.7 cm length, came down to 158 ppm.
In Fig. 11 , it is presented the system output for two different methane concentrations. 
VI. CONCLUSIONS
Wavelength Modulation Spectroscopy constitutes a powerful technique that can achieve high sensitivities in the detection of specific gases, with a relatively simple experimental setup. This technique requirements create a field of application for DFB lasers, since these have narrow line widths, comparing them with those from the absorption peaks, and consequently are well-suited for high-resolution spectroscopy. Their specific emission bands and tuning capabilities, avoiding cross-sensing of non-desired species, also constitute a point in their favor.
Hollow-core photonic crystal fibres appear as an exceptionally interesting player in the field of gas sensing since they promote the creation of direct interaction paths between light and gas and can be tuned to address any specific gas. The coupling of multiple segments enables the creation of sensing heads that do not compromise the sensor response time and that increase the system sensitivity.
Concerning the gas diffusion time inside of HC-PCF, an error of ~2.8% between experimental and theoretical values was obtained, thus validating the adopted model.
A detection system employing WMS, which ensures good sensitivity (down to the ppm level) and independence from power fluctuations, was implemented and incorporated into a portable monitoring unit that proved being capable of addressing and detecting gas concentration changes.
The overall obtained results are very encouraging to further develop this system and the sensing heads, so that the overall sensitivity is increased, the noise influence is reduced and, that, even lower gas concentrations are detected.
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